Introduction {#Sec1}
============

Terahertz radiation has widespread applications spanning the fields of (astro)physics, biology, medicine, and security^[@CR1]^. While semiconductors typically feature in the most compact optoelectronic systems, they are challenging to employ in the terahertz range at which electromagnetic transitions are usually absent. Exceptions have appeared in the use of transitions between exciton-polariton branches^[@CR2]--[@CR4]^, direct-indirect exciton transitions^[@CR5],[@CR6]^, and interband subband transitions^[@CR7]^, however, potential competition with larger quantum cascade lasers is undemonstrated. Cascade systems based on exciton-polaritons^[@CR8]^ and nanoparticles^[@CR9]^ were considered theoretically, but only operate at a fixed frequency. Ideally, a compact semiconductor system could be controlled by an external field to vary its operation frequency.

An intense enough electromagnetic field gives rise to a coupled light-matter object known as a dressed electron, which has been studied in various low dimensional systems, including: semiconductor quantum dots^[@CR10],[@CR11]^, quantum rings^[@CR12],[@CR13]^, quantum wells^[@CR14]--[@CR16]^ etc. The appearance of band gaps due to the ac Stark effect in the band structure of various nanostructures was first predicted theoretically^[@CR17]^ and later observed experimentally^[@CR18]^. The strong electromagnetic field mixes the valence and conduction bands of the system and consequently band gaps Δ*ε*, tunable *in-situ* by changing the intensity of the field, appear at the resonant points. In Fig. [1](#Fig1){ref-type="fig"} a schematic diagram of the dynamic Stark gaps is shown.Figure 1Band structure of the bare (dashed blue curves) and the dressed (solid blue curves) QW electronic states. Due to the mixing of bare valence and conduction bands, band gaps Δ*ε* open at the resonance point *k*~0~ in **k** space.

It was previously shown that the dynamic Stark gaps in a quantum well with dressed electrons (dressed QW) can restrict the electron oscillation, which can be used to realize a frequency comb when excited with sub-THz frequency^[@CR19]^. As the frequency of a dynamic Stark gap can be tuned into the THz range, it is natural to ask whether it can serve in the generation of THz radiation. This is far from obvious as in a normal QW electromagnetic transitions across a dynamic Stark gap are forbidden as there is no change in the symmetry between electrons in the states at the top and bottom of the gap^[@CR11],[@CR20]^. However, as we will show, the use of an asymmetric QW alleviates this problem. Furthermore, by considering a geometry where the QW is placed between p and n doped semiconductors, we predict that it is possible to realize a pn junction^[@CR21],[@CR22]^ operating at terahertz frequency. By considering the band-bending diagram and the transition matrix elements in the QW, we determine the relevant transition rates, and employ a simplified rate equation model to estimate the terahertz generation efficiency.

Band Bending of a Quantum well in a pn Junction {#Sec2}
===============================================

Let us consider an intrinsic QW sandwiched between a p-n junction having doping concentrations *N*~*a*~ and *N*~*d*~ in the p and n sides, respectively. Following refs^[@CR23],[@CR24]^ the potential variation for the electrons throughout the double heterojunction can be expressed as$$\documentclass[12pt]{minimal}
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Here *e* is the electronic charge; *ε* is the permittivity of the material; *z*~*p*~ and *z*~*n*~ are the widths of the depletion regions in the p and n side, respectively; *l* is the thickness of the QW; *N*~*h*~ and *N*~*e*~ are the number of holes and electrons per unit area inside the QW; $\documentclass[12pt]{minimal}
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Here *m*~*e*~ and *m*~*h*~ are the effective electron and hole masses in the QW. *k*~*B*~ is Boltzmann's constant and *T* is the temperature. $\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{v}^{0}$$\end{document}$ correspond to the minima and maxima of first electron and hole subbands of the QW, respectively. *F*~*n*~ and *F*~*p*~ are the quasi Fermi levels in the conduction band and in the valence band of the QW, respectively, which can be expressed as^[@CR25],[@CR26]^$$\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{v}^{p}$$\end{document}$ is the maximum of the valence band in the p side. Using Eqs ([1](#Equ1){ref-type=""}--[4](#Equ4){ref-type=""}) the quasi Fermi levels of the QW can be controlled. The effect of *ϕ*(*z*) on the electron and hole potentials throughout the double heterojunction is plotted in Fig. [2](#Fig2){ref-type="fig"} where we consider GaAs and AlGaAs as appropriate materials.Figure 2Potential variation in the double heterojunction consisting of an Al~0.15~Ga~0.85~As p type layer, GaAs QW, and Al~0.2~Ga~0.8~As n type layer. The electric field inside the pn junction makes the QW asymmetric. The black dotted line indicates the potential of each layer before they are connected. Parameters: $\documentclass[12pt]{minimal}
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QW Energy Spectrum under Electromagnetic Dressing {#Sec3}
=================================================

We consider now that the system is subjected to a linearly polarized high frequency monochromatic electromagnetic field, $\documentclass[12pt]{minimal}
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The superscripts *c* and *v* correspond respectively to the conduction and valence bands; $\documentclass[12pt]{minimal}
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We choose the dressing field frequency $\documentclass[12pt]{minimal}
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THz transition Matrix Element and Transition Rate {#Sec4}
=================================================

In order to estimate the THz rate we calculate the matrix element for the THz transition, defined as$$\documentclass[12pt]{minimal}
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Here **q** is the wave vector of the emitted photon, $\documentclass[12pt]{minimal}
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Here \|*ψ*~*c*~(**k**)〉 and \|*ψ*~*v*~(**k**)〉 are the bare conduction and valence band states, respectively; and $\documentclass[12pt]{minimal}
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Since the dipole operator (*e***r**) will only act on the electronic part of the wave function and the photon states corresponding to different photon number are orthogonal, the THz matrix element in Eq. ([7](#Equ7){ref-type=""}) can be approximated to$$\documentclass[12pt]{minimal}
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This corresponds to the emitted photons having linear polarization along *z* axis. The matrix elements corresponding to photons having polarization in the other two directions (i.e. along *x* and *y*) vanish. For a symmetric QW both the terms in Eq. ([13](#Equ13){ref-type=""}) will go to zero separately, but for an asymmetric QW the wave functions $\documentclass[12pt]{minimal}
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Here *L*~*c*~ is the length of the cavity. Due to the presence of **q**, we choose to calculate $\documentclass[12pt]{minimal}
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                \begin{document}$$\hslash {\omega }_{T}\simeq \Delta \varepsilon $$\end{document}$. This allows us to assume that, due to the fast relaxation of the electrons, the lower energy states in the upper conduction band are filled and the higher energy states in the lower conduction band are empty. Electron-electron scattering is likely to increase with the increase in temperature, which will put the system out of the strong coupling regime. To discard any temperature effect we consider that the system is in a low temperature environment such that $\documentclass[12pt]{minimal}
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                \begin{document}$${m}_{h}\gg {m}_{e}$$\end{document}$ the upper dressed valence band appears flat. The two quasi Fermi levels, *F*~*n*~ and *F*~*p*~, are shown with red dashed lines. The green and black arrows indicate the THz and allowed optical transitions, respectively. The black curved arrows indicate the possible direct optical transition from the top conduction band to the bottom valence band which is prevented by setting *F*~*p*~ at the Stark gap in the valence band. Parameters: $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta ={I}_{out}/{I}_{in}$$\end{document}$, is calculated by finding the steady state of the rate equations in Eq. ([17](#Equ17){ref-type=""}), which is obtained in a self consistent way where for each THz frequency the total number of electrons in the QW (defined by the *F*~*n*~) is kept constant by varying *R*~*in*~. In Fig. [4](#Fig4){ref-type="fig"} the efficiency and output intensity are plotted as a function of THz frequency. The efficiency shows a maximum near 1.5 THz. This corresponds to the Pauli exclusion principle. Once all the electronic states in the lower conduction band are filled the population of the THz photons does not increase even after increasing *ω*~*T*~. Although *I*~*out*~ increases linearly as a function of *ω*~*T*~, *I*~*in*~ increases quadratically resulting in a maximum in the efficiency. It should be noted that *ω*~*T*~ can be easily tuned by changing the intensity of the dressing field. As shown in Fig. [5](#Fig5){ref-type="fig"}, the optimum frequency, $\documentclass[12pt]{minimal}
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Conclusion {#Sec5}
==========

To conclude, we have considered theoretically a THz source based on a dressed QW inside a highly doped p-n junction coupled to a THz cavity. By solving the rate equations we showed that the system subjected to a forward bias voltage can act as a THz emitting diode having energy efficiency of 7 × 10^−6^. The advantages of our scheme is that it is composed of only one quantum well, making it more compact and easier to fabricate, and the device is tuneable such that it can give different THz frequencies.
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